+ lymphocyte response is a main component of host immunity, yet it is difficult to quantify its contribution to the control of persistent viruses. 
INTRODUCTION
Human T-lymphotropic virus type I (HTLV-I) is a persistent retrovirus that infects 10-20 million people worldwide. The majority of infected individuals remain lifelong, asymptomatic carriers (ACs) of the virus. However, 2-3 % of infected individuals develop a progressive inflammation of the central nervous system called HTLV-I-associated myelopathy/tropical spastic paraparesis (HAM/TSP; Osame et al., 1986) . HTLV-I infection is also associated with adult T-cell leukaemia (ATL) and a range of other inflammatory diseases (Nagai & Osame, 2003) . It is not known why some individuals develop HAM/TSP and others remain asymptomatic. One factor thought to be associated with an increased risk of disease is a high viral burden. Viral burden, measured as the proviral load (number of HTLV-I proviruses per 100 PBMC) is approximately constant within an individual over time (Matsuzaki et al., 2001) . However, betweenindividuals, proviral load varies considerably from below the detection limit of 0?001 up to 40 % of PBMC infected (Nagai et al., 1998) . The prevalence of HAM/TSP increases strikingly once the proviral load exceeds 1 % (Nagai et al., 1998) . The identification of the determinants of an individual's proviral load is clearly important to understanding why some individuals remain healthy and others develop HAM/TSP. 1997; Daenke et al., 1996) . The role of this response is controversial. Some evidence indicates that a high frequency of HTLV-I-specific CD8 + cells is pathogenic and causes the inflammation associated with HAM/TSP (Bieganowska et al., 1999; Greten et al., 1998; Hoger et al., 1997; Jacobson, 2002) ; conversely, other data suggest that the HTLV-Ispecific CD8
+ cell response reduces proviral load and is associated with a lower risk of disease (Bangham, 2000; Jeffery et al., 1999 Jeffery et al., , 2000 Niewiesk et al., 1994) . These contradictory results may reflect the limitations of traditional measures of CD8 + cell function: it is increasingly being realized that the size of the virus-specific CD8 + cell response is not the only factor determining its impact on the virus in vivo (Rowland-Jones et al., 2001; van Baalen et al., 2002; Yang, 2003; Yang et al., 2003; Zhang et al., 2003) . Other CD8
+ cell attributes such as T-cell receptor avidity, specificity and cell maturation state, as well as target cell attributes including efficiency of epitope processing and presentation and phenotype, will all affect the ability of CD8
+ cells to control a viral infection. Simply measuring specific CD8
+ cell frequency by tetramer analysis, or by using additional functional measures such as cytokine production, fails to account for this complexity. Chromium release assays do not accurately reflect the complexity of the in vivo cytotoxic response, both because of the nonphysiological nature of the target cells and because of the usual requirement for prolonged culture in vitro. Even if all key CD8 + cell attributes (frequency, avidity, phenotype etc.) are measured simultaneously, it is still not possible to synthesize this data into a single index of CD8 + cell antiviral efficacy. Thus, although great advances have been made in techniques to measure CD8
+ cell function, all current assays measure individual attributes in isolation and therefore cannot capture the overall impact of the CD8 + lymphocyte response on long-term viral load.
The failure of current assays of the CD8
+ cell response is demonstrated by the use of specific CD8
+ cell frequency as a measure of in vivo CD8 + cell function in both HTLV-I and HIV-1. It has been argued that, if the specific CD8 + T-cell response is important in controlling persistent viral infection, individuals with a large virus-specific CD8 + cell frequency would be expected to have a low viral burden; that is, a negative correlation between virus-specific CD8 + cell frequency and viral burden would be observed. However, in HIV-1, virus-specific CD8
+ cell frequency as measured by tetramers and/or IFNc ELISpot has shown positive, negative and zero correlations with HIV-1 viral load (Betts et al., 2001; Ogg et al., 1998) . In HTLV-I, similarly divergent results have been obtained (Goon et al., 2004; Kubota et al., 2000) .
The aim of this study was to develop a composite measure of CD8 + T-cell mediated antiviral efficacy that directly measures the combined impact of key determinants of CD8 + cell function, including virus-specific cell frequency, cytolytic ability, scope of epitope recognition and efficiency of antigen presentation. We achieved this by measuring the rate at which naturally, endogenously infected cells were cleared by autologous CD8 + cells ex vivo. ) and aliquotted (total volume 1 ml) into 5 ml round-bottomed, vented capped tubes at three to six different CD8 + : CD8 2 ratios (lower, including and higher than the subject's normal ratio) depending on cell numbers available. No mitogens, cytokines or artificial peptides were added. When required, concanamycin A (CMA; Sigma) was added at a final concentration of 20 nM. After 18 h culture at 37 uC, 5 % CO 2 , the cells were washed in PBS, fixed for 20 min at room temperature in 2 % paraformaldehyde (pH 7?4; Sigma), washed, then surface stained for CD4 and CD8 antigens by incubation at room temperature for 20 min in PBS/7 % normal goat serum with relevant mAbs (15 mg PC5-conjugated anti-CD4 and ECD-conjugated anti-CD8 ml 21 ; Beckman Coulter). The cells were washed once and stained intracellularly for the HTLV-I early protein Tax (Lee et al., 1989) , as described by Hanon et al. (2000a) , then analysed by flow cytometry on a Coulter EPICS XL. Thirty thousand events were routinely collected. All assays were done in duplicate.
The resulting data were analysed using non-linear regression. The antiviral efficacy, i.e. the rate at which Tax +
CD4
+ cells were cleared, was estimated in each subject using the following model:
where y is the proportion of CD4 + cells expressing Tax (i.e Tax +
+ cells/CD4 + cells), c is the rate of increase of Tax expression, e is the CD8 + cell-mediated antiviral efficacy and z is the proportion of lymphocytes that are CD8 + . This model was solved analytically and fitted to the data using non-linear least squares regression, providing an estimate of the antiviral efficacy (e) in each individual. This model does not assume that CD8
+ cells reduce the proportion of Tax-expressing cells, since e is free to be negative or zero as well as positive. At time zero the proportion of CD4 + cells expressing Tax is usually below the detection limit. In the absence of CD8 + cells it then increases over time. We model this empirically using a constant rate of Tax expression (c); more complex Tax expression dynamics are discussed below.
Quantification of HTLV-I proviral load. Cells were available to measure proviral load in 16 subjects. The HTLV-I proviral load and b-globin copy number of each sample was quantified using real-time quantitative PCR (primers as in Kwok et al., 1988; Seiki et al., 1985) SYBR Green 1 dye incorporation in a Roche LightCycler. SYBR Green 1 incorporation was detected at 85 uC at the end of each of 40 amplification cycles. Standard curves were generated for both PCRs using genomic DNA from C10-PBLs carrying a single HTLV-I provirus. Sample copy numbers were estimated by interpolation from the standard curves. Proviral load was expressed as percentage PBMC infected.
Saturation. In all cases model 1 fitted the data well. However, in four of our data series there were no surviving Tax
+ cells following incubation with any but the lowest frequency of CD8 + cells, either because too many CD8 + cells were added and/or because the rate of Tax + CD4 + cell clearance was high in these subjects. These estimates of antiviral efficacy were therefore excessively dependent on a single data point and were excluded from the study.
Effect of model choice. We considered two alternative models to see the effect of the choice of model on the results obtained. The first was a simple linear model (2) (derived from a finite difference equation with time step Dt=18 h) where target cells were assumed to be at a constant level in the absence of CD8 + cells and to decline instantaneously in the presence of CD8 + cells:
The second alternative model was a simple exponential decay model (3) in which target cells were assumed to be at a constant level in the absence of CD8 + cells and to decline exponentially in the presence of CD8 + cells:
Antiviral efficacy estimates generated by each model were strongly correlated with estimates from the basic model 1 (basic model and linear model P<10
214
; basic model and exponential model P<10 214 ; Spearman's rank correlation two-tailed test) despite the simplifying assumptions in the linear and exponential models.
Effect of viral protein expression dynamics. The assumption, inherent in the basic model 1, that expression of the viral protein Tax increases at a constant rate over time is clearly an over simplification. We measured Tax expression in CD4
+ cells over 18 h in eight of our subjects (five HAM/TSP and three ACs) and found no systematic difference in the time course of Tax expression between HAM/TSP patients and ACs, or between subjects with a high or low proviral load. We estimated the antiviral efficacy in five of these subjects -once with the basic model 1 and once taking detailed dynamics of Tax expression into account. The results from the two methods were perfectly correlated, i.e. the rank order of the CD8 + cell antiviral efficacy was identical. Between-individual variation in the dynamics of Tax expression was therefore unlikely to systematically affect our results. (Richardson et al., 1997; Yamano et al., 2004) . In endogenously infected cells, the early viral protein Tax is usually undetectable immediately ex vivo, but increases after short-term culture (Hanon et al., 2000a) . We quantified the CD8 + cell-mediated antiviral efficacy by measuring the proportion of CD4 + cells expressing Tax, after exposure to different numbers of autologous CD8 + cells. To do this, PBMC were separated by CD8-positive selection into CD8
+ and CD8 2 cell fractions. Neither cell population was artificially expanded or stimulated ex vivo, and no exogenous cytokines or peptides were added. The cell populations were immediately recombined in different proportions, to include CD8 + : CD8 2 ratios above, below and at the physiological ratio for that individual. Cells were then co-cultured for 18 h, after which the proportion of Tax + CD4 + cells was determined by flow cytometry. A co-culture period of 18 h was chosen to provide sufficient time for infected cells to express Tax (which normally peaks at 6-12 h) and for Tax-expressing cells to be lysed. All assays were performed in duplicate.
The resulting data -the proportion of Tax +
CD4
+ cells as a function of CD8 + cell frequency -was analysed mathematically. The technique used was similar to that used to analyse BrdU and deuterated glucose lymphocyte labelling data (Debacq et al., 2002; Mohri et al., 1998) . That is, a simple mathematical model was formulated -in this case reflecting the expression of Tax by infected cells and the clearance of Tax-expressing cells by CD8
+ cells -and fitted to the data using non-linear regression. In this way we estimated the CD8 + cell antiviral efficacy, that is the rate of CD8 + cell-mediated clearance of Tax-expressing cells. An example experiment is shown in Fig. 1 . Since we estimated infected CD4
+ cell survival as a function of CD8 + cell frequency, we automatically excluded CD8 + cellindependent death of infected cells (e.g. natural cell death).
It was found that the frequency and mean fluorescence intensity of Tax expression in CD4 + lymphocytes both decreased following co-culture with increasing numbers of CD8 + cells (Fig. 2) . Previous evidence (Hanon et al., 2000a, b) indicated this decrease was principally mediated by perforin-dependent cell lysis. To confirm this, we measured the change in antiviral efficacy in the presence and absence of 20 nM of the perforin inhibitor, CMA (Kataoka et al., 1996) . In samples from two unrelated subjects, treatment with CMA reduced the rate at which Tax + cells were cleared by CD8
+ cells in each case by 80 % (data not shown), indicating that the major CD8 + cell-mediated antiviral pathway was perforin-dependent. We also compared the rate at which autologous and allogeneic Tax-expressing CD4 + target cells were cleared by CD8 + cells from a range of HTLV-I-seropositive subjects. Since antiviral efficacy, as defined here, is a measure of specific clearance of HTLV-Iinfected cells, any non-HTLV-I-associated allogeneic killing does not contribute to the result. We found that HTLV-Iinfected allogeneic target cells were cleared at a much lower rate than autologous target cells, and that the rate of clearance decreased as the extent of HLA class I mismatch increased (see Supplementary material in JGV Online, Table S1 ). These results indicate that the dominant mechanism of reduction in Tax expression by CD8 + cells is perforin-dependent and MHC class I-restricted; consistent with classical CD8 + cell-mediated lysis of virally infected cells. However, our assay is not just restricted to perforin-dependent lysis: it will capture all CD8 + cellmediated antiviral effects that result in a reduction of the number of Tax + cells in 18 h, e.g. Fas-induced apoptosis. 
CD8
+ cell-mediated antiviral effects that occur over a longer time, such as IFNc suppression of virus replication, will not be captured in this assay.
Quantifying antiviral efficacy in an HTLV-I-infected cohort
This novel assay was applied to 23 HTLV-I-seropositive individuals, of whom nine were ACs and 14 had HAM/ TSP. The results are summarized in Table 1 . All assays were done in duplicate and the results expressed as the mean. The agreement between duplicate assays was good (Pearson's correlation coefficient r=0?94, P<1610 211 two-tailed test) and satisfied the reproducibility criteria of Bland and Altman (Bland & Altman, 1986 ) with over 95 % of the difference between the two repeats lying within ±2 standard deviations of zero. The results obtained were not dependent on the exact form of the model used to analyse the data (see Methods). The inter-individual variation in CD8 + antiviral efficacy was large, ranging from 21?3 to 42?7 % Tax +
CD4
+ cells cleared per CD8 + cell per day (negative estimates were likely to be due to noise contributing in such a way that near zero clearance rates appeared negative). No significant difference in the efficacy of the CD8 + cell response between HAM/TSP patients and ACs was identified (Fig. 3 , Mann-Whitney two-tailed U-test P=0?6).
Do CD8
+ cells control proviral load in vivo?
Using data from seven ACs and nine HAM/TSP patients, we calculated the correlation between the CD8 + cell antiviral efficacy and proviral load. In both groups, a significant negative correlation was observed (Spearman's rank correlation two-tailed test; AC: r s =20?76 P=0?03; HAM/ TSP: r s =20?68 P=0?04). That is, individuals with a high rate of clearance of infected cells tended to have a low proviral load (Fig. 4) .
A negative correlation between proviral load and CD8 + cell antiviral efficacy does not necessarily imply that the antiviral efficacy determines proviral load; antiviral efficacy may be correlated with another variable that decreases proviral load, or a high proviral load may decrease the CD8 + cell efficacy, e.g. by functional inactivation of CD8 + cells (Oxenius et al., 2002) . However, it seems unlikely that a high proviral load per se reduces the antiviral efficacy because HAM/TSP patients consistently have higher proviral loads than ACs at the same antiviral efficacy. Furthermore, CD8 + cells efficiently reduce Tax expression ex vivo (Hanon et al., 2000a, b; Figs 1 and 2) and have been shown to reduce viral load in a number of other virus infections. We conclude that the observed negative correlation between antiviral efficacy and proviral load results from reduction of the proviral load in vivo by CD8 + cells.
To quantify the importance of the CD8 + cell-mediated antiviral response in determining the proviral load, we used the coefficient of determination (r 2 ) (Howell, 1992) and a simple empirical model of the relationship between proviral load and antiviral efficacy. The proviral load appeared to fall exponentially with increasing CD8 + cell efficacy, i.e. log[proviral load] plotted against the antiviral efficacy gave an approximately straight line. Using this relationship we found that r 2 =0?43 in the ACs and r 2 =0?5 in the HAM/ TSP patients. These figures indicate that, within both patient groups, 40-50 % of the observed inter-individual variation in proviral load could be accounted for by variation in the rate at which CD8 + cells cleared HTLV-Iinfected cells. This indicates that variation in CD8 + cell antiviral efficacy is the largest single determinant of interindividual variation in HTLV-I proviral load within each clinical group.
Relationship between CD8
+ cell antiviral efficacy, proviral load and disease While there was no significant difference in antiviral efficacy between the HAM/TSP patients and the ACs, a relationship between CD8 + cell efficacy, proviral load and disease status was demonstrated: at any given antiviral efficacy, subjects with HAM/TSP had a significantly higher proviral load than ACs (P=0?03 two-tailed permutation test, Fig. 4 ). This observation implies that one or more factor(s) associated with the increased proviral load in HAM/TSP patients is also specifically associated with the disease HAM/TSP. Thus, within this cohort, antiviral efficacy and proviral load are more accurate predictors of the disease status of HTLV-I-seropositive individuals than proviral load alone.
Estimating the number of infected cells cleared by an HTLV-I-specific CD8
+ cell
Multiplying an individual's antiviral efficacy by the frequency of CD8 + cells gives the rate at which Tax + CD4
+ cells are cleared per day (i.e. the death rate of Tax + cells). We applied this to the full cohort of 23 patients, and found that the median death rate of Tax + CD4 + cells was 4?25 % per hour (102 % per day). Importantly, this is the death rate of Tax + CD4 + cells due to the presence of CD8 + cells. Background cell death due, for example, to cytokine deprivation ex vivo is excluded from this estimate. A death rate of 102 % per day is equivalent to a lifespan for a Tax + CD4 + cell of approximately 1 day, which is considerably shorter than the 30-day natural lifespan of CD4 + cells in vivo in uninfected individuals (Macallan et al., 2003) .
The antiviral efficacy provides a measure of the rate at which an average CD8 + cell clears Tax-expressing cells. These data can be used to make order of magnitude estimates of the absolute number of cells cleared by a single HTLV-I-specific CD8 + lymphocyte in vivo. We assumed that the ex vivo rates of Tax expression and clearance reflected in vivo kinetics and estimated the frequency of HTLV-I-specific CD8 + cells from class I tetramer binding assays and ELISpot assays (see Supplementary material in JGV Online for details of calculation). The results show that a single HTLV-I-specific CD8 + cell clears approximately five infected cells per day. The total number of infected CD4 + cells cleared per day by the CD8 + lymphocyte response is of the order of 2610 9 cells. This figure is similar to the estimates in HIV-1 infection (Perelson et al., 1996) . HTLV-I infection is not associated with the severe immune suppression seen in HIV-1 infection, suggesting that the fast turnover of infected CD4
+ cells per se is insufficient to cause marked immune deficiency. Fig. 4 . Proviral load plotted against antiviral efficacy for seven ACs and nine HAM/TSP patients. A negative correlation between proviral load and antiviral efficacy was observed in both ACs and HAM/TSP patients (P=0?03 and 0?04, respectively; Spearman's rank correlation two-tailed test). Furthermore, for a given rate of clearance the proviral load was lower in ACs than in HAM/TSP patients (P=0?03; permutation two-tailed test). Eight AC data points from seven individuals are illustrated. One subject (HS -see Table 1 ) appears twice because blood samples from two different time points with two different proviral loads were available. Including HS twice did not alter our conclusions. We found a significant negative correlation between proviral load and antiviral efficacy if only the first point or only the second point was included [excluding first HS point: r s ="1, P<0?01; excluding second HS point: r s ="0?78, P=0?036]. We also found that at a given rate of clearance proviral load was lower in ACs compared with HAM/TSP patients (P=0?03), regardless of which HS point we included.
DISCUSSION
The biological significance of the CD8 + cell response in persistent viral infections such as HTLV-I and HIV-1 remains controversial and there are many conflicting data. In particular, in HTLV-I it is not known if CD8
+ cells play a biologically significant role in controlling proviral load or even whether a strong CD8
+ cell response protects from or causes HAM/TSP. Part of the difficulty lies in the current assays of the CD8 + lymphocyte response (Yang, 2003) . The efficacy of the CD8 + lymphocyte response is a function of many factors, including the frequency of the virus-specific CD8 + cells, the number and identity of epitopes recognized, the lytic capacity of specific cells, their activation status and phenotype and also the efficiency with which target cells express and present antigen. Techniques exist to assay these attributes separately. However, it is difficult to determine the relative importance of each attribute and to integrate these data to ascertain the composite effectiveness of the CD8 + lymphocyte response. Furthermore, these techniques are often highly nonphysiological. For example, exogenous addition of artificial peptides is common in chromium release, ELISpot and LYSISpot (Snyder et al., 2003) assays, and does not allow for natural processing and presentation of viral proteins in the context of productive infection.
The CD8
+ cell assay described here has the advantage that it measures clearance of natural target cells (a subject's HTLV-I-infected CD4 + lymphocytes) by the relevant effectors (autologous CD8 + cells), and naturally processed viral peptides are presented in the appropriate context. The assay excludes the effects of any redundant CD8 + cell clones directed against viral epitopes that have undergone mutation and are no longer present in the viral genome; such CD8
+ cell clones remain detectable by tetramer staining, LYSISpot or ELISpot. The assay also avoids a bias towards immunodominant epitopes, which are not necessarily the most important epitopes for the control of viral infection in vivo. Thus, in contrast to previous measures of the CD8 + response, this approach provides a physiological index of the overall impact of CD8 + cells on virally infected cells and allows direct comparison of the efficacy of the CD8 + cell response between individuals.
Inevitable disadvantages of this assay are that peripheral blood cells may not be representative of the majority of lymphocytes and that ex vivo cell behaviour may not reflect in vivo behaviour. Both these differences will be manifested as a reduced correlation between proviral load and CD8 + cell efficacy, i.e. our analysis will err on the side of caution.
We have developed this assay in the context of HTLV-I infection but it could be adapted to measure the efficacy of the CD8 + lymphocyte response to a range of targetsallogeneic tissue, leukaemic cells or alternative pathogeninfected cells. It could be particularly important in assessing the efficacy of vaccines designed to elicit a protective CD8 + cell response (Pantaleo & Koup, 2004 ).
The most commonly used measure of the 'strength' of the antiviral response is the frequency of virus-specific cells. Previous studies (Kubota et al., 2000; Wodarz et al., 2001) have failed to find a consistent relationship between proviral load and HTLV-I-specific CD8 + cell frequency in both AC and HAM/TSP subject groups. When correlations have been observed they have tended to be positive, which has been interpreted as indicating that the CD8 + cell response passively reflects, rather than controls, proviral load. In contrast, using the assay presented here, we found a significant negative correlation between proviral load and CD8 + cell antiviral efficacy in both ACs and HAM/TSP patients. Indeed, antiviral efficacy is a much better predictor of proviral load than HTLV-I-specific CD8 + cell frequency. Quantifying this relationship, we found that within the AC and HAM/TSP groups 40-50 % of the between-individual variation in proviral load was attributable to variation in the antiviral efficacy. That is, the rate at which infected cells were cleared by CD8 + cells was a major determinant of long-term viral burden. Other possible determinants include the antibody response, the strain of infecting virus and the route of infection.
We also explored the relationship between CD8
+ cell antiviral efficacy and clinical outcome. We found no difference in antiviral efficacy between HAM/TSP patients and ACs. However, there was no significant difference in proviral load between the HAM/TSP and AC groups in our cohort, and as the protective effect of the CD8 + response is hypothesized to operate through a reduction in proviral load (Asquith & Bangham, 2000; Jeffery et al., 1999 Jeffery et al., , 2000 Niewiesk et al., 1994; Vine et al., 2004) , our study did not have the power to detect such a protective effect. We suggest that, given that a low CD8 + cell antiviral efficacy is significantly associated with a high proviral load and given that, in large population studies, a high viral load is associated with HAM/TSP (Nagai et al., 1998) , then it is likely that in a larger patient cohort we would observe an association between low CD8 + cell antiviral efficacy and HAM/TSP. Interestingly, we did find an unexpected relationship between CD8
+ cell antiviral efficacy and clinical status, in that there was a clear separation of the antiviral efficacy-proviral load curves between the HAM/TSP subjects and the ACs (Fig. 4) . So, at any given antiviral efficacy, HAM/TSP patients had a significantly higher proviral load than ACs. Therefore, within our patient group the combination of proviral load and antiviral efficacy together was a significantly better predictor of disease status than proviral load alone. This suggests that there is an extra factor in addition to CD8 + cell antiviral efficacy that determines an individual's proviral load and, moreover, that this factor differs systematically between HAM/TSP patients and ACs.
Several observations have led to the suggestion that the CD8 + lymphocyte response has negligible benefit in HTLV-I infection: proviral loads can be extremely high, suggesting a breakdown of immune control; there appears to be little presentation of viral peptide by infected cells in vivo; and individuals with a high proviral load tend to have a high HTLV-I-specific CD8 + cell frequency (Bieganowska et al., 1999; Kubota et al., 2000) . However, these arguments are based on indirect inference. The quantification of CD8 + cell antiviral efficacy that we have presented here indicates that CD8
+ cells play a major role in the control of HTLV-I proviral load.
